Graphene-based two-dimensional materials have been explored in a variety of applications, including the treatment of heavy-metal-rich water/wastewater. Ethylenediaminetetraacetic acid (EDTA)-functionalized magnetic chitosan (CS) graphene oxide (GO) nanocomposites (EDTA-MCS/GO) were synthesized using a reduction precipitation method and applied to the removal of heavy metals, such as Pb , and As
Introduction
The discharge of wastewater containing heavy metals into the environment has increased continuously as a result of various industrial activities, such as metal nishing, electroplating, metal smelting, chemical engineering, papermaking, mining, and agriculture.
1,2 Heavy metal contamination in such effluents presents a serious threat to the environment and human health because of their toxicity, non-biodegradability, carcinogenicity, and bioaccumulation in living organisms. 3, 4 For instance, Pb poses several risks to human health, causing insomnia, pain, dizziness, anemia, irritability, muscle weakness, hallucinations, and renal damage. 5 Cu can also have serious toxicological effects via short or long-term exposure to the human body, such as gastrointestinal illness, vomiting, cramps, convulsions, or even death. 6 The presence of As in water/wastewater above the suggested safe amounts is toxic and carcinogenic and poses other health hazards. Long-term exposure to As in drinking water may cause cancer, changes to skin color, neural disorders, muscular weakness, loss of appetite, and nausea. 7, 8 Therefore, heavy metals are important environmental concerns with adverse links to human health and the economy. 9 These issues require effective treatment of heavy-metal-rich wastewater to decrease pollutants to acceptable levels.
In this regard, many techniques have been developed for the removal of heavy metals from wastewater, such as chemical precipitation, ion exchange, reverse osmosis, membrane ltra-tion, electrolysis, and adsorption. Among these, adsorption is the preferred technology because of its simplicity, effectiveness, and low cost in the removal of toxic heavy metals from water/ wastewater. 10 Moreover, the simple operation, time efficiency, and large-scale applicability of the adsorption method are considered promising for the development of wastewater treatment technologies. In recent years, carbonaceous nanomaterials such as graphene oxide (GO), a two-or threedimensional nanosheet, have attracted the attention of researchers because of their unique properties and large composition diversity. The presence of a wide range of consecutive oxygen functional groups on the GO surface and large surface area are characteristics that make GO an excellent adsorbent for the removal of heavy metals and several other pollutants. 11 Moreover, the large specic surface area of GO provides abundant attachment sites for the functionalization of other compounds, such as chitosan (CS) and ethylenediaminetetraacetic acid (EDTA). This can ultimately increase the number of surface functional groups, which might enhance heavy metal adsorption. CS with primary amino groups is easily functionalized with different organic ligands, such as GO and EDTA, to improve its adsorption capacity. EDTA has many applications, including as a dyeing auxiliary, stabilizer, soener, and in coordination titration. 12 In previous studies, EDTA chelation with divalent metals has been reported, in which one carboxyl group is freely available and one water molecule is coordinated to the metal center.
12,13 Therefore, EDTA is a good candidate for the adsorption of heavy metals and can be functionalized with other materials such as GO and CS. Many nanomaterials, functionalized with EDTA and CS, have been reported and they showed signicant adsorption behaviors towards divalent heavy metals such as Co, Hg, and Cu in aqueous solution.
12,13
However, it is necessary to develop a novel material which can remove both divalent heavy metals and trivalent ones such as As 3+ from drinking water as well as from industrial wastewater.
In this study, EDTA-functionalized magnetic chitosan graphene oxide (EDTA-MCS/GO) nanocomposites are synthesized using a reduction precipitation method.
14 This preparation method is inexpensive, rapid and does not require reactive gases or toxic cross-linking agents. The method can proceed at room temperature, thus representing a signicant improvement over previously available synthetic methods. 15 Magnetic properties were also incorporated into the nanocomposites to allow the used absorbent to be easily retrieved from an aqueous solution aer the adsorption of heavy metals. The adsorption behavior of synthesized EDTA-MCS/GO nanocomposites was investigated for divalent Pb 2+ , Cu
2+
, and trivalent As 3+ ions in aqueous solution.
Experimental work

Synthesis of EDTA-MCS/GO
GO was synthesized using a modied Hummers' method. 16 The synthesis of EDTA-MCS/GO was a two-step process. In the rst step, FeCl 3 $6H 2 O (1.22 g) was dispersed in HCl (35.0 mL, 0.1 M). CS (2.0%) solution was obtained by dissolving low weight CS in 1.0% HCl. GO (15.0 mL, 0.33 wt%) solution, CS (2.5 mL, 2.0 wt%) solution, and distilled water (7.5 mL) were added together and vigorously stirred for 1 h at room temperature. Later, produced FeCl 3 solution and Na 2 SO 3 (15 mL, 0.19 g) solution were added to the mixture with continuous stirring for 30 min, resulting in a solution color change from brownish to blackish. Then, NH 3 (16.0 mL, 14%) was added to induce the precipitation of a blackish material. The obtained product (MCS/GO) was washed several times with DI water and absolute ethanol, and nally dried in an oven at 60 C. In the second step, Na 2 EDTA (45 mL, 13.3 wt%) and dried ground MCS/GO (20 mL, 5.0 wt%) dispersions were mixed and allowed to react for 24 h at room temperature. The resultant product (EDTA-MCS/GO) was separated using a magnet and puried by washing several times with DI water and absolute ethanol. Finally, the synthesized EDTA-MCS/GO nanocomposite was oven dried at 60 C then manually grinded into a ne powder for adsorption studies.
Characterization of EDTA-MCS/GO
Fourier transform infrared (FT-IR) spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM), magnetic property measurement system (MPMS), zeta-potential and Brunauer-Emmett-Teller (BET) measurements were used to characterize the synthesized EDTA-MCS/GO nanocomposite. The FT-IR spectrum was recorded in the spectral range 4000-400 cm À1 on an FT-IR spectrometer (Perkin-Elmer, USA). XRD was performed using an X-ray diffractometer (D/Max-2500, Rigaku) with Cu Ka radiation (l ¼ 1.5406Å) in the scanning range 0-80 (2 h). SEM (HITACHI S-4800, Japan) was used to obtain micro-level features of EDA-MCS/GO. For MPMS analysis, MPMS SQUID VSM (Quantum Design Inc. USA) was used and zeta-potential values were measured using Zetasizer Nano ZS (Malvern Instruments). Nitrogen gas adsorption-desorption onto EDTA-MCS/GO was performed to evaluate the nanocomposite BET surface area (Quantachrome version-5.04, America).
Adsorption experiments
In order to study the adsorption behaviors of heavy metals onto the synthesized EDTA-MCS/GO nanocomposites, batch adsorption experiments were conducted. incubator. Aliquots were drawn at pre-determined time intervals and the adsorbent was separated using an external magnet.
The supernatant was used to analyze the residual metal ion concentrations by inductively coupled plasma optical emission spectroscopy (ICP-OES; Perkin-Elmer Optima 2100 DV). The effects of different operational parameters, such as contact time, solution pH, metal ion concentration, and reaction temperature, were studied to optimize the adsorption efficiency. The adsorption kinetics was investigated at 298 K with the initial concentrations of the individual metal ions solution as stated above. In order to study adsorption isotherms, experiments were conducted under optimal conditions. The adsorption capacity (q e ) of the metal ions and removal efficiency (%) onto EDTA-MCS/GO nanocomposites at the equilibrium stage were calculated using the following equations:
where q e is the adsorption capacity (mg g À1 ), C o is the initial
, and m is the mass of EDTA-MCS/GO adsorbent (g). Metal ions loaded EDTA-MGC/GO were dissolved separately in 0.1 M HCl solution and agitated for 5 h in a shaking incubator at room temperature. Aer washing several times with DI water till pH 6-7, the nanocomposite was dried in an oven and used in successive adsorption-desorption cycles.
All the experiments were performed in triplicate and average values were reported.
Results and discussion
Characterization of EDTA-MCS/GO
The FT-IR results conrmed that EDTA-MCS/GO contained numerous oxygen and nitrogen functional groups (Fig. 1a) These O and N functional groups could act as available adsorption sites and play important roles in the removal of metal ions from aqueous solutions.
12,20,21
The crystalline structure of synthesized EDTA-MCS/GO nanocomposites was explained well by the corresponding XRD pattern (Fig. 1b) . The GO peak was found at around 2q ¼ 10 in the GO XRD curve. According to the JADE PDF card (89-4319), several sharp and strong diffraction peaks in EDTA-MCS/GO curve, ranging from 2q ¼ 30.18-80 in the XRD crystal lattice planes, were attributed to magnetite. The XRD pattern exhibited a peak at 2q ¼ 20.70 , which indicated the amorphous behavior of CS. 22 A peak around 18.32 might be evidence of the presence of EDTA. 12 These several expressive diffraction peaks in the XRD analysis conrmed that the desired product, EDTA-MCS/GO nanocomposite, had been successfully synthesized.
BET analysis was employed to congure the surface area of the nanocomposites. The surface area of the adsorbent plays a key role in adsorption phenomena. The best adsorption capacities should be achieved by large specic surface area of the adsorbent material. The multi-point BET surface area of EDTA-MCS/GO was 81.36 m 2 g À1 , which was approximately twice that of previously reported for EDTA-MGO nanocomposites. 12 This increase in surface area might be due to CS and the newly proposed synthetic method, which made the nanocomposites more suitable for divalent and trivalent ion adsorption. According to IUPAC 1984, the N 2 adsorptiondesorption isotherm of EDTA-MCS/GO obeyed a type IV hysteretic loop (Fig. 2a) , which demonstrated good adsorbentadsorbate interactions. This high surface area benetted the adsorption of metal ions.
SEM was performed to investigate the surface morphologies and structures of the EDTA-MCS/GO nanocomposites. The magnied SEM image (Fig. 2b) of GO revealed a sheet-like structure of sp 2 -hybridized carbon atoms with a smooth surface and crumpled edges. The SEM image in Fig. 2c shows small rounded magnetic chitosan (MCS) particles distributed roughly onto the GO surface. CS was well dispersed with GO and showed a close attachment, which indicated bonding between GO and CS. By adding EDTA, the size of magnetic particles increased. Therefore, comparatively large, rounded magnetic EDTA-CS particles were observed on the surface of the GO sheets (Fig. 2d) . Various nano-scale EDTA-MCS particle clusters were widely spread over the surface of the GO sheets. This phenomenon increased the surface availability of the nanocomposites for adsorption and prevented GO agglomeration.
2
Numerous hydrophilic functional groups, such as -OH and -COOH, on the GO sheet-like structures were readily available to different chelating moieties. 23 Therefore, EDTA functional groups and amino groups present in CS could form chemical bonds with the GO sheet surface.
A typical magnetic hysteresis loop of EDTA-MCS/GO was identied in MPMS prole (Fig. S1 †) . At room temperature, the saturation magnetization was 60.84 emu g À1 . With almost zero coercivity and zero remanence in the magnetization curve, the synthesized EDTA-MCS/GO nanocomposite showed supermagnetic properties. 24 The pH zero point charge (pH zpc ) determines the electrophoretic mobility where the net total particle charge is zero. 25 In zeta potential analysis of EDTA-MCS/GO, the pH zpc value was 3.8 and the composite was negatively charged aer pH 3.8 (Fig. S2 †) .
Metal ion adsorption
3.2.1. Effect of solution pH, contact time, temperature, and initial metal concentration. In water/wastewater treatment, pH Fig. 1 (a) FT-IR spectra and (b) XRD patterns of GO and EDTA-MCS/GO nanocomposites.
is a key operational parameter, as it can inuence both the adsorbent structure and the distribution of pollutant species. Therefore, the effect of pH was studied in the removal of metal ions from aqueous solution using the synthesized adsorbent. The uptake efficiency in the pH range was examined with initial concentrations of 50 mg L À1 for Pb 2+ and Cu 2+ , and 5 mg L À1 for As 3+ . Metal ion adsorption onto the EDTA-MCS/GO nanocomposite was strongly dependent upon the initial pH. An increase in Pb 2+ removal was noted with increasing pH up to 5.0, while a sudden decrease in adsorption was observed at higher pH values, as shown in Fig. S3 . † Cu 2+ removal increased gradually with increasing pH, with maximum adsorption occurring at pH 5.5 (Fig. S3 †) , but pH 8.0 was found to be optimal pH for As 3+ adsorption (Fig. 4a) 
where q t is the metal ion concentration (mg g À1 ) at any given time (t), q e is the metal ion equilibrium concentration, k 1 is the rst-order rate constant (h À1 ), and k 2 is the second-order rate
). Table 1 depicts the kinetics parameters obtained from these two kinetic models. Lagergren's pseudorst-order model did not t the entire range of the adsorption process well and was only applicable over the initial contact times (Fig. S4 †) . The values of the regression coefficients were , Cu 2+ , and As 3 metal ions, and the adsorption process was concluded to involve chemisorption and to be the rate-limiting step (Fig. 3) .
Adsorption isotherms.
The metal ion adsorption isotherms of EDTA-MCS/GO were studied at different metal ion concentrations, while keeping all the other parameters constant. The maximum adsorption densities of Pb 2+ , Cu 2+ , and As 3+ on the synthesized EDTA-MCS/GO nanocomposites were 209.49, 195.57, and 38.23 mg g À1 , respectively (Fig. 3d ).
These adsorption capacities (q e ) for both divalent and trivalent metal ions were achieved using very small amounts of adsorbent (0.33 g L À1 ). The synthesized adsorbent presented excellent sorption behavior towards heavy metal ions. Sorption isotherm models were used to analyze the nature of adsorbent-adsorbate interactions at equilibrium stages and determine the maximum heavy metal ion adsorption capacities of the synthesized nanocomposites. In this study, we used two equilibrium models to examine the experimental data: the Langmuir model (5),
where q max (mg g À1 ) is the maximum adsorption capacity of the adsorbent, and K L (L mg À1 ) is the Langmuir sorption constant related to the free energy of adsorption; and the Freundlich model (6) , where K f (L g À1 ) and n (dimensionless) are isotherm constants.
The experimental results, together with the non-linear Langmuir and Freundlich ts for Pb 2+ , Cu 2+ , and As 3+ , are plotted in Fig. 4b-d , respectively, and the isotherms parameters are summarized in Reusability of EDTA-MCS/GO. The desorption capability of the synthesized nanocomposites was evaluated. Once an adsorption equilibrium achieved, the used nanocomposites were desorbed in acidic solution. The nanocomposites was reused in four adsorption-desorption cycles as can be seen in Fig. S5 . † A small decreasing trend in all metal ions adsorption capacity was noticed in the adsorption-desorption cycles (Fig. S5 †) . Meanwhile, aer four adsorption-desorption cycles, the EDTA-MCS/ GO nanocomposite showed high magnetic sensitivity under an external magnetic eld. The results showed that the synthesized nanocomposite can be used as a potentially good adsorbent to remove Pb 2+ , Cu
2+
, and As 3+ simultaneously in aqueous solution.
3.2.5. Real wastewater assessment. The adsorbent performance of EDTA-MCS/GO in a real wastewater was investigated. The wastewater sample was taken from a domestic wastewater treatment plant. In Table S1 respectively, which might be due to the conglomeration of EDTA, GO, and CS properties in a single composite. The adsorption capacities for metal ions removal in this study were much higher than those of many conventional and recently reported graphene-based adsorbents.
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A comparison of different types of adsorbent with the synthesized EDTA-MCS/ GO nanocomposite for their removal capabilities, adsorption isotherms, and adsorption kinetics is shown in Table 3 .
Conclusion
This work demonstrated the efficient removal of divalent (Pb 2+ and Cu 2+ ) and trivalent (As 3+ ) metal ions using EDTA-MCS/GO nanocomposite. The synthesized nanomaterial was characterized by SEM, FT-IR, MPMS, XRD, and zeta potential analyses. The pseudo-second-order kinetic model gave better correlation with the adsorptions of all the three metal ions than the pseudo-rst-order one. Langmuir isotherms were the best ts for Pb 2+ 
